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Abstract: This review aims to encapsulate the importance, ubiquity and complexity of indoor 
chemistry. We discuss the many sources of indoor air pollutants and summarize their chemical 
reactions in the air and on surfaces. We also summarize some of the known impacts of human 
occupants, who act as sources and sinks of indoor chemicals, and whose activities (e.g., cooking, 
cleaning, smoking) can lead to extremely high pollutant concentrations. As we begin to use 
increasingly sensitive and selective instrumentation indoors, we are learning more about 
chemistry in this relatively understudied environment. 
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Introduction 
The concentration of an indoor air pollutant is a function of numerous processes 
including indoor emissions, exchange with outdoors, deposition to indoor surfaces, removal by 
filtration and ³LQGRRUFKHPLVWU\´As commonly used today, ³LQGRRUFKHPLVWU\´denotes the 
chemical and physical transformations that occur in indoor environments. These differ from 
those that control outdoor atmospheric chemistry for several reasons, including absence of direct 
sunlight and rain, less extreme temperature fluctuations, much larger surface-to-volume ratios 
(about three orders of magnitude), and much higher concentrations of organic compounds 
(roughly an order of magnitude). For instance, consider the fate of a pollutant common to both 
environments ± ozone (O3) ± in a typical suburban residence, compared to outdoors, downwind 
of a major city, using conditions described in Carslaw1. Outdoors there is a 97% chance the O3 
molecule will react with nitric oxide (NO), versus ~ 1% chance it will react with an unsaturated 
volatile organic compound (VOC), ~ 1% chance it will deposit to a surface, and ~ 1% chance it 
will be photolyzed.  In contrast, for typical indoor conditions, the same molecule has a slightly 
more than 40% chance of reacting with NO, slightly less than 40% chance of surface deposition, 
a 20% chance of being removed through air exchange, and a 1% chance of reacting with 
unsaturated VOCs (ozone photolysis is usually negligible indoors). 
There have been previous reviews and extended editorials on indoor air chemistry2-10. 
The present article will be a popular account with a focus on recent findings, in particular those 
that relate to reactive chemicals indoors. We define reactive chemicals as being those that drive 
indoor air chemistry or play an important role as reactants. Many different types of reactions 
occur indoors (e.g., oxidation, hydrolysis, acid/base, photolysis, decomposition, dehalogenation), 
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both in the gas phase and on surfaces. We will focus on oxidation, photolysis and hydrolysis, as 
well as the important role of human occupants.  
 
Sources of reactive chemicals indoors 
 
There are many sources of reactive chemicals in indoor air, including outdoor air. 
Pollutants such as O3, nitrogen oxides (NOX), particulate matter (PM) and organics enter with the 
ventilation air or air that infiltrates through window frames, doors and other openings in the 
building envelope. The chemicals introduced with outdoor air depend on the location and 
leakiness of the building. For example, higher indoor concentrations of traffic generated 
pollutants will be found in homes nearer to busy roads and/or with higher ventilation/infiltration 
rates. 
There are also many indoor sources of reactive chemicals:  
x cleaning agents and air fresheners (e.g., terpenes, sodium hypochlorite, ammonia, acetic 
acid)  
x electronic equipment such as photocopiers and laser printers (O3) 
x smoking  
x combustion appliances, cooking and heating (e.g., nitrogen dioxide (NO2), nitric oxide 
(NO), nitrous acid (HONO), acrolein, polycyclic aromatic hydrocarbons (PAHs)) 
x home improvement measures such as painting  
x building materials including wood, PVC pipes and cable insulation 
x furnishings including carpets, other floor coverings and wall coverings 
x pesticides  
x humans (e.g., squalene, unsaturated fatty acids, isoprene, NO, ammonia) 
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x pets 
x bacteria and fungi, including mold (e.g., microbial organics) 
The indoor sources listed above have been discussed in detail11-22. Many are linked to 
occupant activities such as cooking or smoking. Such activities can often lead to extremely high 
concentrations of reactive chemicals indoors. Singer et al.23 reported a concentration of 200 ppb 
of limonene following cleaning indoors, whilst Abdullahi et al.17 noted PM2.5 concentrations of 
thousands of Pg/m3 associated with frying or deep-frying meat. 
Reactive chemistry is itself a source of chemicals that might not otherwise be present 
indoors. Examples of the reactive chemicals formed through indoor air chemistry are short-lived 
radical species such as the hydroxyl (OH), hydroperoxy (HO2), organic peroxy (where the 
generic term, RO2, denotes the sum of all peroxy radicals present) and nitrate (NO3) radicals, as 
well as Criegee intermediates, which are formed when ozone reacts with commonly occurring 
indoor unsaturated VOCs such as terpenes. Other species of note are secondary ozonides, as well 
as nitrated and oxygenated VOCs (such as organic nitrates, carbonyls, dicarbonyls and hydroxy 
carbonyls) and secondary organic aerosol (SOA). Many of these species are known or expected 
to be irritating or even carcinogenic,24, 25 and there are likely to be even more species present 
than we are currently able to detect, so-FDOOHGµVWHDOWKSROOXWDQWV¶3 Many reactive chemicals will 
further react to propagate the chemistry as discussed in the next section. 
 
Indoor gas phase chemistry 
 
The concentration of any pollutant indoors will depend on the balance between its 
sources and sinks. For reactions among gas-phase pollutants to influence indoor environments, 
the time scale of the reaction must be competitive with air exchange.26 For instance, the rate 
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coefficients for ozone reacting with limonene and isoprene at 23oC are 5.1 x 10-6 and 3.0 x 10-7 
ppb-1s-1, respectively.27, 28 At typical indoor concentrations of 20 ppb ozone, 2 ppb limonene and 
2 ppb isoprene, ozone removes limonene at a rate equivalent to 0.4 air changes/h while it 
removes isoprene at a rate equivalent to only 0.02 air changes/h. The ozone/limonene reaction 
can therefore compete with moderate air exchange, but not the ozone/isoprene reaction. 
Much indoor air chemistry research to date has focused on the reactions between oxidants 
(O3 and OH radicals) and VOCs, which generate thousands of complex and often multi-
functional products in the gas-phase. The main route to OH formation indoors is through reaction 
of O3 with alkenes and monoterpenes, whereas O3 photolysis is the most important process 
outdoors. For a number of years, and in the absence of any measurements, models predicted that 
the OH concentration indoors was likely to be ~105 molecule cm-3 (~0.01 ppt),29, 30, 1 typical for 
outdoors at nighttime or in the winter when light levels are low. Recent OH measurements 
indoors have confirmed the predicted background concentrations, but also demonstrated that 
much higher indoor OH concentrations are possible in the presence of high HONO 
concentrations close to sunlit windows31 or during cleaning activities.32  
Once formed, OH can react with terpenes and any other organics present, often at similar 
rates to those observed outdoors (Figure 1). However, OH oxidation of monoterpenes is more 
important indoors reflecting their high indoor concentrations. Clearly, there is the potential for 
significant chemical processing indoors. 
Finally, the NO3 radical has been postulated to be important indoors given the lower light 
levels (NO3 is rapidly photolyzed in sunlight) and frequent co-occurrence of O3 and NO2.33 
Predicted concentrations through modelling studies tend to be low: Carslaw1 estimated a 
concentration below 0.03 ppt. Although residual NO3 concentrations may be low indoors, they 
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can still impact indoor chemistry as seen in Figure 1 where reactions of NO3 with monoterpenes 
lead to formation of RO2 radicals.  
 
 
 
 
Figure 1. A comparison of rates for key reactions indoors (bold text) and outdoors 
(normal text) for conditions described in Carslaw1 and in units of 105 molecule cm-3 s-1. The red 
boxes denote radical initiation processes, blue boxes radical termination and grey arrows, 
SURSDJDWLRQEHWZHHQUDGLFDOV7KHWHUPµKY¶GHQRWHVDSKRWRO\VLVUHDFWLRQZKLOH07GHQRWHV
monoterpenes and A denotes alkenes. 
 
Indoor Surface Chemistry 
 
Indoor surface reactions tend to occur at interfaces, including air/particle and air/surface 
films.4 The time constraints that the air exchange rate imposes on indoor gas-phase reactions do 
not apply to surface reactions, with the exception of those involving airborne particles. This lack 
of time constraint, coupled with high surface-to-volume ratios (typically 2 to 4 m2/m3), means 
that chemistry on surfaces is more important indoors than outdoors. Although new surfaces have 
OH
HO2RO2
O3+hQ 0.3, 31
O3+A/MTs 53, 21
HONO+hQ 7, 21
NO2 11, 62
NO     0.6, 22 
VOCs   9, 25
CO          17, 25 
Alcohols  32, 10 
HCHO     20, 10
Aromatics 9, 6
Carbonyls 50, 133
Alkenes 12, 35
Alkanes 8, 18  
Aromatics 21, 22
MTs 90, 15
Other VOC 13, 21
O3+A/MTs  52, 21 
Carbonyls+hQ 15, 56
MTs+NO3 11, 0.5
Alcohols+NO3 1, 11
Alkanes+Cl -, 4 
NO 37, 13 
HO2 13, 5
NO2 134, 47
O2 163, 264
HCHO+ hQ 8, 13
Carbonyls+hQ11, 50
O3+A/MTs 2, 3
HO2 5, 2
RO2 13, 5
Deposition 4, -
Exchange 1, -
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distinct properties, they soil fairly quickly. Under typical indoor conditions, five layers of semi-
volatile organic compounds (SVOCs) accumulate on impermeable surfaces in one to three 
months.34-37 After this period, the reactivity of many indoor surfaces changes little over time, 
reflecting their ongoing acquisition of reactive compounds derived from skin oils, skin flakes, 
deposited airborne particles, cooking, and cleaning.38 
Reactions between ozone and indoor surfaces have been extensively studied. Early 
investigations with carpets revealed reductions in the concentration of unsaturated organic 
species and concomitant production of oxidized products, especially aldehydes (Figure 2).39, 40 
Modeling studies have indicated that the production of these relatively long chain aldehydes, 
through surface reactions on various materials, also leads to the enhanced formation of nitrated 
organic material such as peroxyacetylnitrates.41  
 
 
Figure 2.  Gas phase concentrations of selected compounds in a 20 m3 chamber 
containing a new carpet and ventilated at 1 h-1 in the absence or presence of ozone.39 4-
phenylcyclohexene (4-PCH), styrene and 4-vinylcyclohexene (4-VCH) are unsaturated 
emissions that react with ozone, while the aldehydes are products of ozone-initiated reactions 
with these and other organics present in the carpet. 
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The ozone-reactivity of certain terpenoids (e.g., ǻ3-carene) is significantly enhanced on 
surfaces compared to the gas phase.42-44 This has a larger impact for lower volatility terpenoids 
such as Į-terpeniol45 and dihydromyrcenol,46 which have a greater affinity for surfaces than their 
more volatile terpene cousins. Benzo[a]pyrene (BaP) is one of many PAHs produced during 
cooking, smoking and other combustion activities. In the gas phase there is negligible reaction 
between BaP and ozone, but when BaP is sorbed to glass it reacts with ozone to produce both 
mono- and diol-epoxides.47 
As noted in the next section, photolysis of HONO indoors can be a meaningful source of 
hydroxyl radicals in certain situations. It has long been known that NO2 reacts with water on 
indoor surfaces to produce HONO,48, 49 and has recently been observed that light can enhance 
indoor HONO production from interfacial reactions between NO2 and household chemicals.50 
HONO, in turn, can react with nicotine sorbed on indoor surfaces to produce carcinogenic 
tobacco-specific nitrosamines (TSNAs).51 
Wong et al.52 found that mopping of a floor with a bleach solution (97% water) resulted 
in elevated concentrations of both HOCl and Cl2 despite a high air exchange rate (~13 h-1). HOCl 
decayed significantly faster than the air exchange rate, indicating its participation in indoor 
surface chemistry. ClNO2, NCl3 and NHCl2 were also identified in the air; NHCl2 may result 
from HOCl reacting with amines on indoor surfaces.  
 
Indoor photochemistry 
 
A common misconception about the indoor environment is that the absence of direct 
sunlight means the absence of indoor photolysis reactions. However, there are many ways that 
light can propagate through indoor environments: directly through open windows and doors, 
through windows with some attenuation and through the use of indoor lighting. Consequently, 
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photolysis still occurs indoors, just more slowly than outdoors. Reactions requiring higher energy 
light such as O3 photolysis, are attenuated more indoors relative to outdoors than those reactions 
requiring less energy, such as HCHO photolysis to produce HO2 (see Figure 1). 
Kowal et al.53 took a variety of lighting types used in residences and measured the 
distance-dependent and wavelength-resolved photon fluxes. They also measured the flux of 
sunlight directly in front of a window. They found significant variation between light sources, 
both in terms of intensity, but also wavelength dependence. Highest peak intensities were found 
from fluorescent tubes, whilst the LED light source had zero emission below 400 nm. 
The impact of different indoor lighting sources on predicted OH concentrations indoors 
has been explored using models.1, 54 Figure 3 shows OH concentrations predicted by the Carslaw 
model1 for the different light sources tested in Kowal et al.,53 as well as in darkness. It indicates a 
significant variation in the predicted OH concentration depending on indoor lighting type: using 
an uncovered fluorescent tube indoors is likely to lead to significantly more chemical processing 
than using an LED. Note also the non-zero concentration of OH predicted in the dark and the 
ubiquity of this important oxidant indoors. 
 
Figure 3.  Impact of different light sources on predicted OH concentrations indoors under 
different lighting conditions: 1 (LED), 2 (halogen), 3 (incandescent), 4 (compact fluorescent), 5 
(covered fluorescent), 6 (uncovered fluorescent), 7 (attenuated sunlight only) and 8 (dark). 
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The importance of indoor lighting was further illustrated in the bleach/mopping study 
mentioned in the previous section.52 Modelling indicated that photolysis of HOCl and Cl2 was a 
potential source of chlorine and hydroxyl radicals. Hence, bleach solutions oxidize not only 
chemicals on the treated surfaces, but chemicals throughout the room.  
Finally, recent research has demonstrated photoinduced chemistry in nonanoic acid 
coated aqueous surface films, resulting in the formation of a range of saturated and unsaturated 
aldehydes in the gas phase and more highly oxygenated products in the condensed phase.55, 56 
Aqueous surface films are ubiquitous indoors, as are carboxylic acids from humans and their 
activities.21 Similar processes are likely happening indoors and could be a potentially important 
source of oxidized organics. 
 
Indoor secondary organic aerosols 
 
Concentrations of terpenes and terpene alcohols tend to be much higher indoors than out, 
reflecting the ubiquitous use of scenting agents in everything from personal care products to 
FOHDQLQJDJHQWVDQG³DLUIUHVKHQHUV´2]RQHWUDQVSRUWHGIURPRXWGRRUVRUJHQHUDWHGLQGRRUV
reacts with these terpenoids, generating products with a range of volatilities. The less volatile 
condense on existing particles or nucleate, producing SOA. When initially produced, SOA are 
typically ultrafine particles (UFP, < 100 nm diameter),57 but grow with time into larger, but still 
relatively small particles (300 ± 700 nm). These processes can generate substantial levels of SOA 
in indoor environments.23, 57-67 
The production of SOA varies with ozone concentration and can be episodic, such as 
during the use of a scented cleaning product,23 or it can be relatively continuous, as occurs with 
the use of plug-in air fresheners.68, 69 Although commonly initiated by ozone, SOA production is 
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augmented by hydroxyl radicals generated by the reaction of ozone with the double bonds in 
terpenoids (and other) precursors.23, 61, 63 Nitrate radicals can also influence SOA production as 
illustrated by experiments investigating ozone reacting with D-pinene in the presence of different 
concentrations of NO; the highest SOA yield was measured under the condition anticipated to 
produce the highest nitrate radical concentration.67 
Surface chemistry can be a source of SOA, as demonstrated for ozone reacting with 
surface sorbed d-limonene70 and squalene.71 In these cases, production rates for SOA from 
ozone-initiated surface chemistry were much smaller than those for certain ozone/terpenoid 
reactions in the gas phase. However, additional investigation of such processes for alkenes with 
volatilities between those of limonene and squalene is warranted. 
Waring72 has used modeling, with inputs represented as distributions within a Monte 
Carlo framework, to estimate the contribution of SOA formed indoors to the overall indoor 
burden of airborne particles. On average, SOA from indoor chemistry contributes only a small 
fraction to the total mass of indoor fine-mode particles (6% with a probability of 50%). 
However, in 10% of the modeled situations the contribution is > 30%. These high SOA scenarios 
have elevated levels of ozone and terpenes, especially limonene, coupled with low air exchange 
rates. Under such conditions (e.g. cleaning), modelling studies have suggested that the 
composition of SOA may include a significant fraction of peroxide and organic nitrogen 
species.73, 74 These model predictions would benefit from evaluation via measurements of the 
composition of SOA derived from different mixtures of indoor gas phase pollutants. 
Another source of SOA is thermal desorption of SVOCs from surfaces to which they 
have sorbed.36, 75, 76 Upon heating of items such as cooking utensils, stovetops, clothes irons, and 
radiators, accumulated organic compounds desorb from the surface. As the plume of air 
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containing these organics rises and cools, many of the organics supersaturate and nucleate 
forming SOA. 
 
Role of partitioning in indoor chemistry 
 
SVOCs partition between the gas phase and other indoor compartments, including 
airborne particles, settled dust, exposed surfaces and even the skin, hair and clothing of 
occupants.37, 77-84 Inorganic gases also partition between the gas phase and airborne particles,85-87 
as well as into dust and aqueous surface films.  
Plasticizers, flame retardants, UV-filters and other additives migrate from the products 
that originally contained them to other indoor compartments.88-93 As the concentration of 
airborne particles increases, the fraction of SVOCs in the particle phase increases, while that in 
the gas phase decreases. Temperature further influences the partitioning of SVOCs among the 
various indoor compartments.89 
When aerosols are transported indoors from outdoors, their volatile constituents re-
equilibrate with the surrounding air. This redistribution can be driven by gas-phase concentration 
differences or temperature differences between outdoor and indoor environments. For instance, 
loss of PAHs has been demonstrated when indoor particles are compared to co-sampled outdoor 
particles.86,94 Outdoor-to-indoor transport can also result in particle sorption of SVOCs whose 
indoor concentrations are much higher than their outdoor concentrations,87 as is often the case 
for phthalate ester plasticizers or brominated flame retardants.  
Losses of ammonium nitrate have also been reported during outdoor-to-indoor transport 
of aerosols85-87. Ammonium and nitrate ions in aerosols are coupled to gas-phase ammonia and 
13 
 
nitric acid in the surrounding air. The loss of ammonium nitrate from the aerosols influences 
their water content and pH, as well as the solubility of transition metals in the aerosols.  
Organic films on indoor surfaces are well documented,34, 35, 92, 93, 95, 96 and are a 
consequence of partitioning. There is more time, in some cases as long as the interval between 
cleaning, for an SVOC to react when sorbed to a surface film than when in the gas phase. 
Partitioning to indoor surfaces, especially for SVOCs with log Koa between 10 and 13,37 provides 
a large reservoir of SVOCs for both surface and gas-phase chemistry. When the original source 
is removed, this reservoir persists for days, months, or even years97, 98 depending on the 
properties of the sorbed SVOCs. 
 
Impact of moisture on indoor chemistry 
 
Moisture likely plays a significant role in indoor chemistry. As a reference point, at a 
relative humidity of 65%, aqueous surface films are common, and water is a substantial fraction 
(~30%) of airborne particles.99 The presence and thickness of aqueous surface films and the 
water content of airborne particles changes with changing relative humidity, as does the amount 
of water sorbed to porous materials.99, 100 Both inorganic (e.g., nitric, hydrochloric) and organic 
(e.g., formic, acetic, lactic) acids partition between the gas phase and water on surfaces/in 
airborne particles. The same is true for inorganic (e.g., ammonia) and organic (e.g., nicotine, 
amines) bases.  
A number of chemicals found in materials and products used indoors are susceptible to 
base-catalyzed hydrolysis. These include phthalate, adipate and sebacate esters used as 
plasticizers; organophosphate esters used as plasticizers, flame retardants, and pesticides; p-
hydroxybenzoic acid esters (parabens) used as antioxidants; bisphenol A diglycidyl ether 
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(BADGE) used in personal care products and coatings; and acrylate-based copolymers used in 
adhesives. Hydrolysis reactions tend to be too slow to be important in the gas phase, but can 
occur on surfaces (e.g., emission of 2-ethylhexanol when PVC flooring plasticized with di(2-
ethylhexyl) phthalate (DEHP) and its associated adhesives is placed on moist concrete.101, 102). 
Wang et al.103 have reported the presence of hydrolysis products of parabens and BADGE in 158 
dust samples collected from the U.S., China, Korea, and Japan, indicating the ubiquity of this 
process. Nonetheless, hydrolysis reactions in indoor settings remain relatively unexplored. 
As the relative humidity increases, the tendency for polar compounds to sorb to indoor 
surfaces increases, in turn increasing the SUREDELOLW\IRUWKHLUUHDFWLRQRQVXUIDFHVHJĮ-
terpeniol on glass, PVC or paint).45 Short-lived, highly reactive intermediates may react via 
different pathways under relatively dry conditions compared to relatively moist conditions, 
resulting in different product distributions. This is expected to be the case for Criegee 
intermediates formed in the reaction between ozone and squalene on surfaces.104 
Duncan et al.105 recently measured water soluble organic gases (WSOGs) indoors and 
outdoors at thirteen homes; the average concentration was 15 times higher indoors than out. The 
authors speculate that aqueous processing of these abundant WSOGs under damp indoor 
conditions can increase the indoor concentrations of oxidized and potentially irritating chemicals. 
Microbes can be a source of reactive chemicals indoors, and microbial growth requires 
moisture. This is a complex topic beyond the scope of the present article. However, a recent 
publication by Adams et al.106 provides an excellent introduction. 
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Impact of occupants on indoor chemistry 
 
Human occupants emit skin oils and shed their skin flakes, rich in skin oil, at an 
astonishing rate. A typical adult emits sebum at ~ 500 mg/h107 and sheds skin flakes at 30-90 
mg/h.108, 109 Skin oil constituents with double bonds react rapidly with ozone and nitrate radicals. 
The molar fraction of unsaturated species in skin oil is slightly more than 0.9,110 and includes 
squalene (~10% by weight) and mono- and di-unsaturated fatty acids (~12% by weight). Skin 
oils are transferred to any surface that humans contact, while skin flakes deposit mainly on 
horizontal surfaces. Ozone can react with unsaturated skin lipids on these surfaces, as well as on 
exposed skin, hair, and clothing of the occupants themselves. As a result, the ozone 
concentration in a 30 m3 room with two occupants is roughly half the value it would be if the 
room were unoccupied.111  
Numerous gas-phase products are generated by ozone/skin oil oxidation chemistry, 
including acetone, 6-methyl-5-heptene-2-one (6-MHO), geranyl acetone, and 4-oxopentanal (4-
OPA).111, 112 These reactions also produce less volatile chemicals that remain on skin, clothing or 
surfaces, including levulinic, succinic, adipic and suberic acids.113 Oxidation rates are rapid, 
implying that these less volatile products are almost always present on skin and surfaces soiled 
with skin oil and skin flakes. 
Breath is also a significant source of reactive chemicals indoors, including isoprene, nitric 
oxide (NO) and ammonia.114-116 In the case of isoprene, typical whole-body emission rates, 
which are dominated by breath emissions, are roughly in the range of 160 - 170 µg/h (adults) and 
90 -100 µg/h (children).19, 22 Although isoprene reacts slowly with ozone, it reacts more quickly 
with hydroxyl and nitrate radicals, forming methacrolein and methyl vinyl ketone amongst other 
products.  
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Ammonia is emitted from RFFXSDQWV¶VNLQas well as breath.116, 117 For an adult, emission 
rates tend to be centered around 300 µg/h, but there are large variations with age, diet, oral 
hygiene and smoking habits.118, 119 Ammonia from occupants influences the pH of indoor 
airborne particles, as well as acid-base chemistry on indoor surfaces. 
A fascinating recent observation was reproducible changes in airborne chemicals emitted 
by cinema-going audiences depending on the genre of films they watched.120 Suspense and 
comedy films elicited the strongest response, and the authors speculate that such behavior may 
constitute an alert (suspense)/stand-down (comedy) response that may have proved advantageous 
in evolutionary terms assuming such signals can be perceived by others.  
 
Impact of buildings on indoor chemistry 
 
There is no such thing as a typical building. For example, within the United States there 
are 118.2 million housing units, 80% in urban areas and 20% in rural areas; 36% are in ³YHU\
FROG´RU³FROG´climates, 19% in ³hot-humid areas´ 32% were built after 1990 and 18% were 
built before 1950; 28% of the units are built from brick, 15% from wood; the most common 
number of rooms is 6, but this ranges from 1 to > 9.121 Buildings are diverse, and it is vital to 
understand the impacts that variations in building construction, location and operation can have 
on indoor air chemistry. 
A key issue affecting indoor air chemistry is the building ventilation rate. Mechanically 
ventilated buildings often employ heating, ventilation and air conditioning (HVAC) systems and 
it is necessary to understand when the system is running, the air exchange rate, the fraction of 
recirculated air, whether the fraction of outdoor air used for ventilation is fixed or variable, 
humidification/dehumidification, filtration efficiencies and temperature set-points throughout the 
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day.122 Even in naturally ventilated buildings, it is necessary to measure air exchange rates, 
temperature and relative humidity to properly understand the chemistry. Although room air is 
commonly assumed to be well mixed, for extremely fast reactions (e.g., hydroxyl radical reacting 
with organics) with locally produced reactants, the time required for mixing is an important 
parameter.8  
Another consideration is the chemistry WKDWRFFXUVLQ³KLGGHQ´EXLOGLQJVSDFHVHJZDOO
cavities, basements, crawl spaces, attics) and/or how this can influence the chemistry in occupied 
spaces. For instance, Du et al.123 found that for a study of 74 US residences, the basement was a 
source of VOCs that were found in the living space. Given linked air flow between different 
parts of a building, out of sight does not necessarily mean out of mind. 
 
Modeling indoor chemistry 
 
Indoor chemistry has been modeled for more than three decades.124 We have mentioned 
some of the applications of modeling throughout this review. It is an overarching activity, 
incorporating results from the different topics discussed above. It can extend findings from a 
small number of indoor settings to a larger universe of buildings. Increasingly, indoor air models 
are being used to evaluate findings, identify gaps and limitations in knowledge, and design 
experimental programs.8 The indoor chemical box model mentioned earlier1, 73 contains around 
5000 species and 20,000 reactions. Measurements are available for perhaps only 100-200 indoor 
species; model predictions provide insights that would be absent otherwise.  
Models are currently limited due to uncertainties regarding the parameterization of 
surface interactions, the propagation of light through indoor environments, and the 
concentrations of a suite of secondary pollutants formed through indoor chemical reactions.8 The 
new CIE program is providing the impetus to address some of these issues through coordinated 
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laboratory, experimental and modelling studies. We anticipate that in a future review many of 
these limitations will have been addressed.  
 
Vision 
 
We are currently at a crossroads for indoor air chemistry. Over the past several years 
there has been increasingly coordinated collaboration among scientists ± atmospheric chemists, 
building physicists, chemical engineers, mechanical engineers, and other specialists -- working at 
the disciplinary boundaries of this field. State-of-the-art instrumentation and novel derivatization 
techniques are making accessible what had been nearly impossible measurements. Recent 
findings answer some questions and raise many more. Where is all this going?  
An emerging area of research is intensive field campaigns in residences, offices and 
schools utilizing cutting edge analytical techniques (e.g., proton-transfer-reaction/high resolution 
mass spectrometry; chemical ionization/high resolution mass spectrometry; cavity ring down 
spectroscopy; low-pressure laser-induced fluorescence spectroscopy; actinic flux 
spectroradiometry). Such field campaigns will be complemented by studies in test houses where 
researchers with different scientific expertise bring together their instruments to make 
coordinated, simultaneous measurements under manipulated indoor scenarios. Comprehensive 
measurement campaigns should significantly facilitate model development and aid in the search 
IRUFKHPLFDOVWKDW³PXVWEHWKHUH´LQFOXGLQJDPLQHVRUJDQLFQLWUDWHV, peroxides and peroxy 
radicals. We anticipate more detailed studies of indoor acid/base chemistry, hydrolysis reactions, 
photochemistry promoted by photosensitizers, and microbe/indoor chemical interactions. Even 
the role of water in indoor chemistry is relatively understudied, both in the gas-phase and on 
surfaces, and is beginning to receive increased attention. The impact of human occupancy on the 
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indoor environment is far more important than initially imagined,18-21, 125 and further 
investigations are likely to uncover additional impacts. 
Indoor environments have changed significantly in the last 50 years16 and will continue to 
do so. An emerging area of research focuses on low- or zero-energy buildings, which tend to 
have low ventilation rates and, hence, more time for gas-phase chemistry to occur. With 
LQFUHDVLQJXVHRIµJUHHQPDWHULDOV¶DQGSURGXFWVFRQWDLQLQJPDQPDGHQDQRSDUWLFOHVZHHQYLVLRQ
investigations into their emissions/reactions and how their chemical interactions evolve with age. 
As various regions of the world warm, more buildings will use air-conditioning, which is often 
accompanied by substantial recirculation of indoor air. Recirculation amplifies certain indoor 
chemical processes. Climate change is associated not only with increasing heatwaves, but also 
increases in outdoor pollutant levels that can impact indoor environments126. As stated in a 
1DWLRQDO$FDGHP\RI6FLHQFHV¶UHSRUW³&OLPDWHFKDQJHPD\ZRUVHQH[LVWLQJLQGRRU
HQYLURQPHQWDOSUREOHPVDQGLQWURGXFHQHZSUREOHPV´127  
We conclude with the fundamental question driving indoor chemistry research: What are 
the specific chemical reactions that transform relatively benign chemicals into ones that are 
responsible for malodors, irritancy, material degradation and adverse health outcomes? Given the 
continuing and dramatic changes in indoor environments, it is more important than ever that we 
understand indoor chemistry to ensure that building occupants and building contents are 
protected from unanticipated exposures to harmful chemicals. 
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